Experience-dependent plasticity in adulthood is slower than during development. Previous experience can accelerate adult cortical plasticity. However, the contributions of functional synaptic changes and modifications in neuronal structure to the acceleration of adult cortical plasticity remain unclear. If structural remodeling was important then it should be exhibited by neuronal connections that have altered during plasticity. We trimmed rodents' whiskers to induce experience-dependent plasticity and reconstructed pairs of layer 2/3 (L2/3) pyramidal neurons after electrophysiological recording. We reported recently that local excitatory connections strengthen without a change in synapse number in cortex with retained sensory input (spared) (Cheetham et al., 2007). Here, we show that strengthened connections are rewired. The rewiring involves remodeling of the axonal arbor of excitatory connections with only minor changes in postsynaptic dendritic trees. The axonal remodeling resulted in a greater length of presynaptic axon close to postsynaptic dendrites at existing local excitatory connections in spared cortex. In control cortex, the length of axon close to dendrite in unconnected pairs of L2/3 pyramidal neurons was similar to that in synaptically connected pairs of L2/3 pyramidal neurons. This finding suggests that the probability of forming a synapse and, therefore, establishing a connection, is not driven solely by the length of axon close to dendrite. The axonal remodeling that we describe is not associated with altered synapse number, but instead increases the number of sites where synapses could be formed between synaptically connected neurons with minimal structural changes. This enables rapid and cost-efficient rewiring of local excitatory connections when re-exposed to similarly altered sensory experience in adulthood.
Introduction
The neocortex harbors orderly representations of the sensory periphery termed cortical maps (Kaas, 1987) . These maps exhibit experience-dependent plasticity in adulthood, which is thought to be important for perceptual learning (Recanzone et al., 1992; Gilbert et al., 2001; Tsodyks and Gilbert, 2004; Dahmen and King, 2007) . The pace of plastic change is slower in adulthood than during development (Buonomano and Merzenich, 1998; Fox, 2002; Karmarkar and Dan, 2006) . However, perceptual learning (Hebb, 1949; Gibson, 1953; Guić-Robles et al., 1989; Harris et al., 1999 Harris et al., , 2001 Knutsen et al., 2006) and reorganization of adult cortical maps (Hofer et al., 2006 ) occur more rapidly if animals have received similarly altered experience when younger.
Altering touch sensory input by trimming a subset of the whiskers of adult rodents results in expansion of the representation of spared (nontrimmed) whiskers in contralateral primary somatosensory cortex (Glazewski and Fox, 1996; Polley et al., 1999; Wallace and Fox, 1999; Lebedev et al., 2000; Maier et al., 2003) . Reorganization is greatest in layer 2/3 (L2/3) (Diamond et al., 1994) . The underlying cellular mechanisms have not been fully elucidated, but are probably a consequence of the increased firing in spared primary somatosensory cortex (SI) of freely moving animals that develops immediately after whisker trimming (Kelly et al., 1999) . This is followed by strengthening of excitatory connections between neighboring pyramidal neurons in L2/3 of spared cortex of mature animals (Cheetham et al., 2007) .
Increases in the strength of local excitatory connection in L2/3 of spared cortex probably contribute to reorganization of the cortical representation of spared whiskers (Cheetham et al., 2007) . However, alterations in synaptic strength, in isolation, do not provide a compelling explanation for the acceleration of adult plasticity attributable to previous experience. Persistent structural changes that enable experience-dependent plasticity may also be required (Hebb, 1949; Greenough, 1984) , but their locus and nature remain unclear. Adult pyramidal neurons have the capacity to undergo large-scale remodeling. However, both axonal (Darian-Smith and Gilbert, 1994; Florence et al., 1998; Kossut, 1998 ) and dendritic (Hickmott and Steen, 2005; Tailby et al., 2005) remodeling are most prominent after sensory deafferentation. The evidence that large-scale structural changes occur after neocortical experience-dependent plasticity in an intact adult nervous system is mixed (Uylings et al., 1978; Chklovskii et al., 2004) .
If structural changes in neurons were important in accelerating adult perceptual learning and cortical map reorganization, then it should be possible to detect those changes in connections that have undergone functional alterations during experiencedependent plasticity. Here, we show that there is rewiring of local excitatory connections that have strengthened during experience-dependent plasticity. The rewiring involves axonal remodeling, which increases the length of presynaptic axon close to postsynaptic dendrites of synaptically connected L2/3 pyramidal neurons. Synapse number at local excitatory connections is not increased (Cheetham et al., 2007) . Nevertheless, the axonal remodeling can explain how previous experience accelerates experience-dependent plasticity of neocortical microcircuits and could, thereby, contribute to enhanced perceptual learning in adulthood.
Materials and Methods
Whisker trimming. All procedures were performed in accordance with the United Kingdom Animals (Scientific Procedures) Act of 1986. We trimmed bilaterally the dorsal three rows (A-C) of whiskers and the ␣, ␤, and ␥ straddler whiskers or the ventral two (D, E) rows of whiskers and the ␥ and ␦ straddler whiskers flush with the skin every day. Whisker trimming or sham trimming started at postnatal day 19 (P19), which is after the L2/3 whisker map has developed (Stern et al., 2001) , and continued for 13-41 d.
Brain slice preparation and recording. Brain slice preparation and recording have been described previously (Cheetham et al., 2007) . Briefly, brain slices were cut (65°to the midline) across the whisker barrel rows. Bright-field illumination was used to identify brain slices containing whisker barrels. Neurons in layer 2/3 of the C or D barrel columns were visualized using infrared differential interference contrast. Patch-clamp recordings were made from pairs of pyramidal neurons in L2/3 of the C or D barrel columns at 36 -37°C. Recording pipettes (4 -7 M⍀) contained (in mM) 130 KMeSO 4 , 8 NaCl, 2 KH 2 PO 4 , 2 D-glucose, 10 HEPES, 1 Alexa Fluor 488 (AF488) or 1 Alexa Fluor 568 (AF568) (Invitrogen), and 3-5 mg/ml biocytin. A pair of neurons was referred to as "connected" when both cells were recorded in whole-cell mode and action potentials in one neuron evoked EPSPs in the other neuron (see Fig. 4 B) . Connections were termed "reciprocal" when the connection was bidirectional (Cheetham et al., 2007) .
Confocal microscopy. Slices were fixed in either 4% paraformaldehyde for 30 min or 2% paraformaldehyde/0.1% glutaraldehyde for two h at 4°C after electrophysiological recording was completed, mounted with either Gel/Mount (Biomeda) or phosphate buffered saline and imaged on a Zeiss LSM510 META confocal microscope. Low-resolution images of neurons were collected with a 20ϫ objective for measurement of radial widths of apical and basal dendritic trees. Higher-resolution images were obtained with a 63ϫ, 1.2 numerical aperture C-Apochromat waterimmersion objective. Pinhole diameters (maximum, 1 Airy unit) were adjusted to give identical optical slice thicknesses for AF488 and AF568 tracks. Medium resolution z-stacks (Յ120 m) were obtained for measurement of dendritic path length and spine counts using a voxel size of 0.14 ϫ 0.14 ϫ 0.43 m. Regions where presynaptic axons were close to postsynaptic dendrites were re-imaged at high resolution (voxel, 0.07 ϫ 0.07 ϫ 0.2 m). Data sets were deconvolved with AutoDeblur (AutoQuant) before imaging with Imaris (Bitplane). Synapse counts from five of the nine connected pairs of L2/3 pyramidal neurons in control cortex and six of the 11 connected pairs of L2/3 pyramidal neurons in spared cortex were reported recently (Cheetham et al., 2007) .
Dendritic structure. Dendritic path lengths were measured in three dimensions along the length of the dendrite using Measurement Pro running under Imaris (Bitplane). Basal dendrites were defined to start when their shaft diameters were Յ2.0 m and the apical main stem was defined to start when its shaft diameter was Յ4.0 m. Tips of dendrites were defined to be natural ends if the dendrite was not cut and did not "fade out." L2/3 pyramidal neurons used for dendritic length analysis had a minimum of 16 basal dendrite tips and 16 apical (oblique and terminal arbor) dendrite tips. Dendrograms were generated from dendritic path length measurements (see Fig. 1 A, B) . Dendritic branching was measured as the number of dendrite intersections with Sholl shells that were at constant dendrite path lengths from the soma (see Fig. 1 B) . The radii of Sholl shells increased in 10 m increments. Statistical analysis of the number of dendritic intersections was restricted to a path length of 270 m from the soma, which comprises all dendrites except for the furthest part of the terminal arbor (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), to ensure that the number of dendritic intersections per Sholl shell fulfilled the constant variance assumption of the Gaussian family. The terminal arbor was defined as the apical dendrite segments formed after the apical main stem has divided into, typically, two branches of similar diameter. Radial widths of basal and apical dendrites were measured as the distance of the furthest dendritic tip from a line that was perpendicular to the pia and passed through the center of the soma.
Spine densities were measured by scrolling up and down through a dendrite and counting all spines in 10 m sections at measured path lengths from the start of the dendrite. Peak spine density on basal dendrites was the spine density measured 50 -70 m from the soma on five basal dendrites per neuron. Apical spine density was measured by counting spines in 10 m sections along the apical main stem beginning at 40 m from the soma and extending to 140 m from the soma to encompass the region of peak apical spine density. Dendritic protrusions characterized as filopodia (thin neck Ͼ3 m in length and no head) were not included in spine measurements.
Axonal varicosity density. A simple criterion for the presence of an axonal varicosity would be expansion of the axon with respect to the adjacent axonal shaft. The difficulty with implementing this criterion for confocal images is that image resolution in the z-axis is worse than in the x-y plane, making it possible that varicosities that predominantly expand along the z-axis can be missed. Therefore, we developed two criteria to identify axonal varicosities. The first criterion comprised a "diameter ratio," which was the maximum diameter of a varicosity relative to the immediately adjacent axonal shaft measured in the higher-resolution x-y plane of the confocal optical section. The second criterion comprised an "intensity ratio," which was the fluorescence intensity of a potential varicosity relative to the immediately adjacent axonal shaft. This criterion uses the fact that small increases in axonal width in the z-axis will increase the fluorescence signal from a putative varicosity because optical sectioning is not perfect. All varicosity measurements were made on highresolution confocal images after deconvolution. The fluorescence signal within the axon and the diameter of the axon in single z-slice images containing a nonsaturated axonal varicosity and adjacent axonal shaft (n ϭ 40) were measured using Image J 1.36 (http://rsb.info.nih.gov/ij/). Fluorescence intensity measurements were the mean of 10 contiguous pixels in the same image section (in-plane area, 0.049 m 2 ) in the center of the axonal varicosity or in the adjacent axonal shaft. The distribution of the intensity ratio for putative en passant varicosities was compared with the distribution of regions of the axon where fluorescence signal increased without an expansion of the axon diameter (n ϭ 40). We found that both a diameter ratio Ն1.25 and an intensity ratio Ն1.30 were required to identify a varicosity reliably. Terminaux and en passant varicosities were counted on lengths of axon that included regions of proximity and extended Ͻ20 m on either side of the region of proximity (RoP) to increase the length of measured axon.
Statistics. Dendritic and axonal data were collected using a prospective experimental design and a random sample of neurons. Target sample sizes were decided in advance. Data with a normal distribution are described by their mean Ϯ SEM whereas data with non-normal distributions are expressed as median and interquartile range (IQR). Results for data comprising multiple measurements on single neurons are reported as the average of the mean or median value for each neuron and are termed grand means or grand medians respectively.
We performed statistical modeling under the generalized linear model framework (McCullagh and Nelder, 1989 ) with extension to generalized additive models (Hastie and Tibshirani, 1990 ) and generalized estimating equations Liang and Zeger, 1986) using the "stats," "mgcv," "nlme," "MASS," and "gee" packages implemented in R (R Project for Statistical Computing, http://www.r-project.org/). Generalized additive models were used when the response variable was a func-tion of one or more explanatory variables. Generalized estimating equations were used to account for correlations in the data that are likely to occur when cluster sampling (Cochran, 1977) is used, e.g., when multiple measurements are taken from single neurons. Models were of the general form [Z i ] is an explanatory variable that is a smooth function of Z i ; Z j, Z k , and (Z j ϫ Z k ) are explanatory variables with (Z j ϫ Z k ) denoting interaction between Z j and Z k ; and ␣, ␤, ␥, and ␦ are parameters (coefficients) of the model. Deprivation status was modeled with two dummy explanatory variables in which SP (spared ϭ 1, otherwise 0) denoted L2/3 pyramidal neurons in spared cortex and DEP (deprived ϭ 1, otherwise 0) referred to L2/3 pyramidal neurons in deprived cortex so that control cortex data are encoded (SP, DEP) by (0, 0), spared cortex data are encoded by (1, 0), and deprived cortex data are encoded by (0, 1). The duration of deprivation, which equals age minus 19 d, was modeled as the interaction between deprivation status and age. Unstructured working correlation matrices were used for all models based on generalized estimating equations. Either minimization of Akaike's Information Criterion or an analysis of deviance was used on nested models to find the best model for the data. If compared models had the same number of explanatory variables and Akaike's Information Criterion could not be calculated, then the best model was taken to be the one that maximized the explained deviance. Two-tailed p values for results from models based on generalized estimating equations were calculated using the robust (sandwich) estimate of variance. For clarity of presentation, the modeling framework, link function, error distribution family, and results for all explanatory variables with associated p values (two-tailed) are tabulated in Table 2 . We use the term "predicted" to refer to results predicted from the statistical models by interpolation.
Results

Dendritic structure
We first investigated whether experiencedependent plasticity was accompanied by structural changes in the dendrites of L2/3 pyramidal neurons in SI. Sensory input to SI was altered by trimming either the dorsal three rows (A-C) or the ventral two rows (D, E) of rats' whiskers (see Materials and Methods). Brain slices were prepared and pyramidal neurons in L2/3 of C or D barrel columns were filled with fluorescent dye during electrophysiological recording, reconstructed in three dimensions (Fig.  1 A) , and their morphology characterized with simple metrics (Table 1) . Deprivation did not affect the total dendritic path length ( Fig. 1 B, C) , number of dendritic segments (Fig. 1 D) , number of basal dendritic trees, number of dendritic tips per (B), apical oblique (AO), and terminal arbor (TA) branches and mean total dendritic length of L2/3 pyramidal neurons in spared (black), deprived (white), and control (gray) cortex. Data in C-E are based on six spared, six deprived, and six control neurons. Error bars denote SEM. D, Mean number of dendritic segments on basal, apical oblique, and terminal arbor branches, and the total number of dendritic segments for L2/3 pyramidal neurons in spared (black), deprived (white), and control (gray) cortex. E, Sholl analysis using dendritic path length and 20 m shells centered on the soma for neurons in control (gray squares), spared (black circles), and deprived (white circles) cortex. Data are given as mean Ϯ SEM if normally distributed or median (interquartile range) if not normally distributed. The duration of deprivation is age minus 19 d. Deprivation did not affect total dendritic path length (p ϭ 0.734, F (2,15) ϭ 0.32, n ϭ 6 per group, one-way ANOVA), the number of dendritic segments (p ϭ 0.400, F (2,15) ϭ 0.97, n ϭ 6 per group, one-way ANOVA), the number of basal dendritic trees per neuron (p ϭ 0.534, H ϭ 1.26, df ϭ 2, n ϭ 9 control, 8 spared and 8 deprived, one-way ANOVA on ranks), the total number of basal dendrite tips (p ϭ 0.612, F (2,22) ϭ 0.50, n ϭ 9 control, 8 spared and 8 deprived, one-way ANOVA), the number of dendritic tips per basal dendrite tree (Table 2 , model 1), the radial spread of basal dendrites (p ϭ 0.441, F (2,15) ϭ 0.87, n ϭ 6 neurons per group, one-way ANOVA), or the radial spread of apical dendrites (p ϭ 0.417, H ϭ 1.75, df ϭ 2, one-way ANOVA on ranks).
basal tree [Tables 1, 2 (model 1)], or the radial spread of either basal dendrites or apical dendrites (Table 1) . The density of dendritic branches was measured by counting the number of dendritic intersections with Sholl shells (Fig. 1 E; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Data from six control, six spared and six deprived L2/3 pyramidal neurons were analyzed with a statistical model that used path length from the soma, deprivation status and age as explanatory variables (Table 2 , model 2). Whisker trimming did not affect dendrite branch density in spared ( p ϭ 0.146) or deprived cortex ( p ϭ 0.371) compared with control cortex. However, dendrite branch density increased slowly with Statistical models were classified as generalized linear model (GLM), generalized additive model (GAM), or generalized estimating equations (GEE). Model variables were as follows: number of basal trees, number of basal trees originating from the L2/3 pyramidal neuron soma; intersections, number of intersections with a Sholl shell; path length, path length from the soma; CNTRL, control cortex; age, age in postnatal days; branch order, order of the terminal dendritic branch; number of basal tips, total number of basal dendritic endings for the L2/3 pyramidal neuron; path length to terminal branch point, path length to the point where the terminal segment originates; peak basal spine density, spine count per m on basal dendrites 50 -70 m from the soma; apical spine density, spine count per micrometer on the apical main stem dendrite; number of basal trees, number of basal dendritic trees on an L2/3 pyramidal neuron; conn, presence of a synaptic connection between the axon of the presynaptic pyramidal neuron with the postsynaptic pyramidal neuron that has been demonstrated electrophysiologically; unconn, electrophysiological testing did not demonstrate evidence for a synaptic connection between the axon of the putative presynaptic pyramidal neuron with the postsynaptic pyramidal neuron; intersomatic distance, distance between the somata of two pyramidal neurons; basal, basal dendrite in RoP; edf, estimated degrees of freedom for explanatory variables that are used as functions in generalized additive models; NA, not applicable.
age ( p ϭ 0.004) (supplemental text, supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Remodeling of basal dendrites
Our initial studies showed no evidence of large-scale changes in the dendrites of L2/3 pyramidal neurons. We reasoned that we would be better able to detect small amplitude changes in dendritic length caused by whisker trimming if we restricted analysis to basal dendrites with natural ends (see Materials and Methods). The path length of naturally ending terminal segments (terminal segment path length: control, 96 Ϯ 2 m, n ϭ 120 dendrite tips from 9 neurons; spared, 88 Ϯ 3 m, n ϭ 89 dendrite tips from 8 neurons; deprived, 86 Ϯ 3 m, n ϭ 106 dendrite tips from 8 neurons) was investigated initially with age as an explanatory variable. However, age had no effect (supplemental text, supplemental Fig. 3A , available at www.jneurosci.org as supplemental material), suggesting that the length of basal terminal segments of control L2/3 pyramidal neurons did not change over our study period. Accordingly, analysis of the path length of basal terminal segments was restricted to the effects of deprivation status, branch order of the terminal segment and total number of basal dendrite tips per neuron (Table 2 , model 3; supplemental Fig. 3 B, C, available at www.jneurosci.org as supplemental material). The branch order of the terminal segment had a pronounced effect on path length of the terminal segment; the predicted decrease in terminal segment path length was 8.3 m for a unit increase in branch order ( p Ͻ 0.001) (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material). The length of basal terminal segments in spared cortex ( p ϭ 0.999) was similar to controls, but basal terminal segments were shorter in deprived cortex ( p ϭ 0.037; model 3 predicted a 7.1 m decrease). The results of this model can be interpreted as suggesting that this effect of whisker trimming in deprived cortex had developed before P33, i.e., when measurements were first made, and persisted throughout the deprivation period. The path length of basal terminal segments was reanalyzed with a different statistical model using interaction terms to address whether the effect of deprivation increased with the duration of deprivation (Table 2 , model 4) (see Materials and Methods). We found a progressive reduction in the length of basal terminal segments in deprived cortex ( p ϭ 0.047), but not in spared cortex ( p ϭ 0.719) compared with controls. The predicted decrease in the length of basal terminal segments in deprived cortex between P33 and P49 was 2.6 m, which is less than the 7.1 m shortening predicted by model 3. We concluded that there was minor, but statistically significant, shortening of basal terminal segments of L2/3 pyramidal neurons in deprived cortex after whisker trimming. Together, the results may be interpreted as signifying that there was a decrease in basal terminal segment length before P33, which progressed further over our recording period.
Trimming whiskers during development slows the physiological, age-related increase in distance from the soma to the terminal branch points of basal dendrites on L2/3 pyramidal neurons (Fig. 1 B) (Maravall et al., 2004) . However, this effect is lost if the whisker trimming protocol starts at P15 and is brief, e.g., 5 d (Maravall et al., 2004) . We explored whether prolonged whisker trimming starting at P19 could evoke structural changes at the proximal part of the basal dendritic tree (Table 2, 3D , available at www.jneurosci.org as supplemental material) and age ( p ϭ 0.032) (supplemental Fig. 3E , available at www. jneurosci.org as supplemental material) and decreased with the number of basal trees on an L2/3 pyramidal neuron ( p Ͻ 0.001) (supplemental Fig. 3F , available at www.jneurosci.org as supplemental material). Whisker trimming reduced the age-related increase in path length to the terminal branch point in both spared ( p ϭ 0.017) and deprived cortex ( p ϭ 0.033) (supplemental Fig.  3E , available at www.jneurosci.org as supplemental material). We concluded that dendritic trees of L2/3 pyramidal neurons are not fixed after P15, but that there is low-level physiological reorganization of the proximal basal dendritic tree during the second postnatal month.
Spine density on basal dendrites
We next investigated whether whisker trimming and age altered basal dendrite spine density (Fig. 2 A-D) . Spine density altered with path length from the soma; it was low in the proximal part of the dendritic tree of L2/3 pyramidal neurons, increased rapidly to a peak ϳ40 -100 m from the soma, depending on the dendrite subgroup, and then slowly declined with increasing distance from the soma (Fig. 2 A-D) (Larkman, 1991) . We measured peak basal spine density (Materials and Methods) to reduce the variability introduced by path length from the soma (peak basal spine density per neuron: control, 1.45 Ϯ 0.06 spines ⅐ m Ϫ1 from 9 neurons; spared, 1.38 Ϯ 0.08 spines ⅐ m Ϫ1 from 8 neurons; deprived, 1.29 Ϯ 0.04 spines ⅐ m Ϫ1 from 8 neurons). Peak basal dendrite spine density was modeled with age and deprivation status as explanatory variables (Table 2 , model 6; supplemental text, available at www.jneurosci.org as supplemental material). Spine density decreased with age ( p Ͻ 0.001) (supplemental Fig.  4 , available at www.jneurosci.org as supplemental material). The effect of deprivation status varied with cortical location: spine density was reduced in deprived cortex ( p Ͻ 0.001), but did not change in spared cortex ( p ϭ 0.099) (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). The predicted decrease in spine density (50 -70 m from the soma) on basal dendrites over the period P33 to P49 was as follows: controls, 1.57-1.38 spines ⅐ m Ϫ1 ; spared, 1.45-1.26 spines ⅐ m Ϫ1 ; and deprived, 1.32-1.13 spines ⅐ m Ϫ1 . We reanalyzed the data with a second model using interaction terms to determine whether the effect of deprivation increased with the duration of deprivation (Table 2, model 7) (see Materials and Methods). There was a progressive decrease in spine density in deprived cortex attributable to the duration of deprivation ( p Ͻ 0.001). There was a tendency for a progressive decrease in basal dendrite spine density with the duration of deprivation in spared cortex ( p ϭ 0.050). However, the effects of duration of deprivation in spared cortex should be interpreted with caution. First, age alone affected spine density (model 6) ( p Ͻ 0.001). Second, the effects of age, deprivation status, and an interaction between age and deprivation status could not be separated because of collinearity of these variables. Together, the results of models 6 and 7 suggest that there was a decrease in basal dendrite spine density attributable to age alone. A further reduction in basal dendrite spine density attributable to whisker trimming is superimposed on the age-related decline of spine density in deprived cortex. In contrast, there was no marked change in basal dendrite spine density attributable to whisker trimming in spared cortex.
Spine density on apical dendrites
We next asked whether spine density on apical dendrites paralleled the changes that we found on basal dendrites. Spine density along apical dendrites varied with distance from the soma and tended to be greater along the apical main stem (peak spine density per neuron on the apical main stem averaged over 80 -100 m from soma: control, 1.38 Ϯ 0.10 spines ⅐ m Ϫ1 from 8 neurons; spared, 1.51 Ϯ 0.09 spines ⅐ m Ϫ1 from 9 neurons; deprived, 1.43 Ϯ 0.09 spines ⅐ m Ϫ1 from 9 neurons) (Fig. 2 E, F ). L2/3 pyramidal neurons, typically, have one apical main stem and, therefore, determining changes in apical spine density required a different sampling strategy to that used for basal dendrites (see Materials and Methods). We analyzed spine density on the apical main stem using deprivation status, age, and a smooth function of path length from the soma as explanatory variables (Table 2 , model 8; supplemental Fig. 5 , available at www.jneurosci.org as supplemental material). Spine density along the apical main stem was not changed in spared ( p ϭ 0.817) or deprived ( p ϭ 0.981) cortex compared with controls. Model 8 predicted that spine density on the apical main stem decreased with age by 7% in control cortex (P33, 1.41 spines ⅐ m; P49, 1.31 spines ⅐ m), which is less than the predicted 12% reduction in peak basal spine density over the same period (see above, Spine density on basal dendrites, model 5). However, the decrease in apical spine density with age did not attain statistical significance ( p ϭ 0.066).
Regions of proximity
Our analyses revealed only low-level structural alterations in dendritic trees of L2/3 pyramidal neurons after weeks of whisker deprivation. Remodeling was mainly restricted to deprived cortex and, hence, appears insufficient to explain how previous experience might accelerate experience-dependent plasticity in spared cortex. Axonal wiring is an alternative candidate locus. Axonal remodeling was quantified by studying sites where synapses could be formed between pairs of L2/3 pyramidal neurons (Fig. 3A, supplemental Fig. 6 , available at www.jneurosci.org as supplemental material) that were known from electrophysiological recordings to be synaptically connected or unconnected. The majority of excitatory synapses onto L2/3 pyramidal neurons comprise axonal varicosities apposed to dendritic spines (Elhanany and White, 1990) . Spine neck length varies with cortical region (Benavides-Piccione et al., 2002) and may change along the dendritic tree (Jones and Powell, 1969) . Therefore, we measured how far the heads of dendritic spines extended from the dendritic shaft of L2/3 pyramidal neurons to establish a cylindrical zone around the dendritic shaft within which synapse formation could occur (Swindale, 1981; Stepanyants et al., 2002) . The distance from a spine head to its dendritic shaft, i.e., the radius of the cylinder, was measured as the shortest distance from the middle of the spine head to the middle of the dendritic shaft. We refer to this distance as the spine neurogeometric radius (NGR).
The spine neurogeometric radius had a skewed normal distribution with a median of 1.41 m (IQR, 1.05-1.81 m, n ϭ 598 spines from 15 neurons) (Fig. 3B ). Spines on apical or basal dendrites had similar neurogeometric radii [median (IQR): apical, 1.41 (1.07-1.85) m, n ϭ 258; basal, 1.40 (1.04 -1.78) m, n ϭ 340; p ϭ 0.686, Mann-Whitney rank sum test], but spine neurogeometric radius tended to increase with dendritic shaft diameter (r ϭ ϩ0.44, p Ͻ 0.001, n ϭ 135) (Fig. 3C ). Spine neurogeometric radius was not affected by deprivation status [control, 1.45 (1.09 -1.81) m, n ϭ 247 spines; spared, 1.40 (1.04 -1.82) m, n ϭ 351; p ϭ 0.632, Mann-Whitney rank sum test].
For simplicity, we defined a uniform spine neurogeometric radius of 3 m, which encompasses ϳ98% of all spine heads (Fig.  3B ). An RoP (Fig. 3A) was defined to occur when an axon of one pyramidal neuron was within 3 m of the center of a dendrite of the second pyramidal neuron, indicating that one or more synapses could be formed between the neurons. This definition does not require that a synapse be present in an RoP or that the pair of neurons be synaptically connected. The existence of a connection was determined from our electrophysiological recordings of each pair of L2/3 pyramidal neurons (Fig. 4 A, B) . Axonal remodeling was then analyzed using RoPs with data subdivided into groups depending on whether neurons were in control or spared cortex and the presence or absence of a synaptic connection between pairs of neurons. The presence of a putative synapse in an RoP was determined using the criteria for high-resolution confocal images that we reported recently (Cheetham et al., 2007) .
Axon length in RoPs is a poor predictor of local excitatory connectivity and synapse number
Many studies of neocortical circuitry based on reconstructions of single neurons have used a working hypothesis commonly termed "Peters' rule," which states that the probability of synapse formation between an axon and a dendrite depends on the length of axon close to the dendrite (Peters and Feldman, 1976; Braitenberg and Schüz, 1998; Hellwig, 2000; Kalisman et al., 2003; Binzegger et al., 2004; Shepherd et al., 2005) . This hypothesis can be tested directly with our data because we have recorded and reconstructed both connected and unconnected pairs of L2/3 pyramidal neurons. The hypothesis predicts that connected pairs of L2/3 pyramidal neurons should have either more RoPs or a greater total length of axon in RoPs than unconnected pairs of L2/3 pyramidal neurons. However, we found that the number of RoPs between connected and unconnected pairs of L2/3 pyramidal neurons was similar in control cortex (connected, 3.8 Ϯ 0.8 RoPs, n ϭ 9; unconnected, 3.6 Ϯ 1.2 RoPs, n ϭ 12; p ϭ 0.899, t test) (Fig. 4 A-C) . Similarly, the total length of axon in RoPs was not different for connected and unconnected pairs of neurons in control cortex [connected, 28 (14 -44) m, n ϭ 9; unconnected, 21 (9 -33) m, n ϭ 12; p ϭ 0.241, MannWhitney rank sum test] (Fig. 4 D) . The majority (11 of 12) of unconnected pairs of L2/3 pyramidal neurons in control cortex had a least one RoP. For control pairs of connected and unconnected neurons with at least one RoP (n ϭ 20), 61 Ϯ 9% of RoPs were formed with basal dendrites and 39 Ϯ 9% of RoPs were formed with apical dendrites suggesting that RoPs were distributed over the dendritic tree. We drew two related conclusions from our analysis. First, our data show that the probability that a pair of pyramidal neurons is synaptically connected is not tightly related to the length of axon close to dendrite. Second, our results demonstrate that L2/3 pyramidal neurons have the potential, i.e., axon within a spine neurogeometric radii of a postsynaptic dendrite, to form synapses with the vast majority of neighboring pyramidal neurons, as reported for L5 pyramidal neurons (Kalisman et al., 2005) .
Although length of axon close to dendrite does not determine the probability of forming a connection, it remains possible that it regulates synapse number at established connections. However, we found that synapse number was only weakly related to total length of axon in RoPs for connected pairs of L2/3 pyramidal neurons in control cortex (supplemental text, Synapse number and length of axon close to postsynaptic dendrite, available at www.jneurosci.org as supplemental material). We concluded that total length of axon in RoPs is a poor predictor of the number of synapses formed at local excitatory connections by L2/3 pyramidal neurons.
Whisker deprivation modifies regions of proximity
We next examined whether altered sensory experience modified RoPs. The number of RoPs between unconnected L2/3 pyramidal neurons in spared cortex (2.9 Ϯ 0.5 RoPs/axon, n ϭ 9 axons; p ϭ 0.512, t test) was similar to controls (3.7 Ϯ 0.7 RoPs/axon, n ϭ 21 axons). However, the number of RoPs between connected pairs of L2/3 pyramidal neurons in spared cortex [median (IQR): 9 (5-12) RoPs/axon, n ϭ 11 axons; p ϭ 0.001, Mann-Whitney rank sum test] was larger than controls [3 (1-5) RoPs/axon, n ϭ 21 axons]. The presence of a synaptic connection did not affect the mean length of axon in an RoP for control (control connected, 10.1 Ϯ 1.8 m axon/RoP, n ϭ 9 axons; control unconnected, 7.5 Ϯ 1.0 m axon/RoP, n ϭ 12 axons; p ϭ 0.193, t test) or spared (spared connected, 9.1 Ϯ 0.6 m axon/RoP, n ϭ 11 axons; spared unconnected, 8.0 Ϯ 1.1 m axon/RoP, n ϭ 8 axons; p ϭ 0.329, t test) pairs of L2/3 pyramidal neurons. The total length of axon within RoPs was linearly related to the number of RoPs (Fig. 4 E) (r ϭ 0.95, p Ͻ 0.001, Pearson's product correlation) and to the length of dendrite within those RoPs (Fig. 4 F) (r ϭ 0.99, p Ͻ 0.001, Pearson's product correlation). Therefore, we characterized RoPs between each pair of neurons by their total axonal length (Table 2, model 9). Data from pairs of spared L2/3 pyramidal neurons were further subdivided into connected and unconnected subgroups. The total length of axon in RoPs between connected L2/3 pyramidal neurons in spared cortex (98 Ϯ 24 m per connection, n ϭ 11 axons, p ϭ 0.004) was three times greater than controls (33 Ϯ 8 m per connection, n ϭ 21 axons), whereas the total length of axon in RoPs between unconnected L2/3 pyramidal neurons in spared cortex was similar to controls (25 Ϯ 7 m per connection, n ϭ 9 axons, p ϭ 0.482). The intersomatic distance for pairs of L2/3 pyramidal neurons did not differ across groups (control unconnected, 79 Ϯ 9 m, n ϭ 12 pairs; control connected, 54 Ϯ 7 m, n ϭ 9 pairs; spared unconnected, 73 Ϯ 9 m, n ϭ 9 pairs; spared connected, 70 Ϯ 9 m, n ϭ 11 pairs; p ϭ 0.252, F (3,37) ϭ 1.42, one-way ANOVA) (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). Hence, whisker trimming did not cause generalized axonal growth in spared cortex, but instead induced axonal remodeling that targeted existing connections between spared L2/3 pyramidal neurons.
We assessed whether whisker deprivation modified the spatial location and distribution of RoPs. Whisker trimming did not alter the mean distance of RoPs from the soma (control unconnected, 99 Ϯ 11 m, n ϭ 11 pairs; control connected, 75 Ϯ 10 m, n ϭ 9 pairs; spared unconnected, 80 Ϯ 10 m, n ϭ 8 pairs; spared connected, 84 Ϯ 9 m, n ϭ 11 pairs; p ϭ 0.345, F (3,35) ϭ 1.14, one-way ANOVA). Hence, the increased number of RoPs between synaptically connected L2/3 pyramidal neurons in spared cortex could not be attributed to preferential formation of RoPs on either distal or proximal dendrites. The proportion of RoPs on basal dendrites did not change after whisker trimming (control unconnected, 47 Ϯ 14%, n ϭ 11 axons; control connected, 78 Ϯ 7%, n ϭ 9 axons; spared unconnected, 61 Ϯ 17%, n ϭ 8 axons; spared connected, 62 Ϯ 9%, n ϭ 11 axons; p ϭ 0.358, F (3,35) ϭ 1.11, one-way ANOVA), suggesting that the distribution of RoPs on dendritic trees was not affected by whisker trimming. The majority of dendrites that formed RoPs with any given axon formed only one RoP per dendritic segment (one RoP per segment, 90.5%; two RoPs per segment, 8%; three RoPs per segment, 1.5%; n ϭ 222 RoPs in 200 dendritic segments from 21 control neurons and 20 spared neurons). We found three occurrences of three RoPs per dendritic segment (one unconnected pair of control L2/3 pyramidal neurons and two connected pairs of spared L2/3 pyramidal neurons). Connected pairs of L2/3 pyramidal neurons in spared cortex did not show increased numbers of dendritic segments with more than one RoP compared with control connected ( p ϭ 0.419, 2 test), control unconnected ( p ϭ 0.914, 2 test), or spared unconnected ( p ϭ 0.402, 2 test) pairs of L2/3 pyramidal neurons (number of segments with more than one RoP per total segments: spared connected, 10/107; control connected, 1/33; control unconnected, 4/38; spared unconnected, 4/22). Therefore, the increased number of RoPs between connected pairs of L2/3 pyramidal neurons in spared cortex could not be attributed to the presence of multiple RoPs close together because of an axon leaving an RoP and forming a separate RoP a short distance along the same dendrite. We concluded that RoPs between L2/3 pyramidal neurons in spared cortex were not tightly clustered on the postsynaptic dendritic tree, but were usually formed on different dendritic segments.
Whisker deprivation alters axonal varicosity density
We next asked whether experience-dependent plasticity altered axonal varicosities (Fig. 5A-F ) . Varicosity density in spared cortex was increased compared with control cortex (raw data for all ages: control, 0.80 Ϯ 0.03 varicosities/m axon; spared, 0.93 Ϯ Only one train of presynaptic action potentials is shown to avoid repetition. Calibrations: (top to bottom) 60, 0.4, and 0.4 mV; 25 ms. C, Number of RoPs formed by unconnected neurons in control cortex (C; unfilled blue circles; n ϭ 12), connected neurons in control cortex (C*; filled blue circles; n ϭ 9), unconnected neurons in spared cortex (S; unfilled orange circles; n ϭ 9), and connected neurons in spared cortex (S*; filled orange circles; n ϭ 11). D, Total axon length in RoPs for neurons (groups are as in C). E, Relationship between total axon length in RoPs and number of RoPs for pairs of L2/3 pyramidal neurons in control and spared cortex. Colors are as in C. The black line is a linear regression fit for all data points. F, Relationship between total axon length in RoPs and total dendrite length in RoPs for pairs of pyramidal neurons in control and spared cortex. Colors are as in C. The black line is the linear regression fit for all data points. 0.02 varicosities/m axon; n ϭ 168 axonal segments, 42 segments from 14 control axons, and 126 segments from 15 spared axons; p ϭ 0.008) (Table 2, model 10; supplemental Fig. 8 , available at www.jneurosci.org as supplemental material). This suggests that axonal remodeling in spared cortex is associated with higher varicosity density (supplemental text, available at www. jneurosci.org as supplemental material).
Axonal varicosities are commonly divided into two types: en passant and terminaux (Fig. 5A-D) . We examined whether the proportion of terminaux varicosities was modified by whisker deprivation (Table 2 , model 11). The percentage of terminaux varicosities on L2/3 pyramidal axons that were connected (8.7 Ϯ 1.9%, n ϭ 15 axon segments) or unconnected (7.5 Ϯ 1.0%, n ϭ 20 axon segments) to a second L2/3 pyramidal neuron in control cortex were similar ( p ϭ 0.889). In contrast, the proportion of terminaux varicosities on axons of L2/3 pyramidal neuron in spared cortex was increased (connected, 10.6 Ϯ 0.7%, n ϭ 52 axon segments, p ϭ 0.038; unconnected pairs, 12.5 Ϯ 0.5%, n ϭ 11 axon segments, p Ͻ 0.001) compared with control connected pairs. The neurogeometric radii of terminaux varicosities in spared and control cortex were similar [spared, 1.45 (0.98 -1.96 ) m; control, 1.21 (0.94 -1.63) m; n ϭ 60 varicosities from 5 axons for each group; p ϭ 0.129, Mann-Whitney rank sum test] (Fig. 5G,H ) . These findings indicate that whisker deprivation increased the density of terminaux varicosities on axons of L2/3 pyramidal neurons in spared cortex.
Discussion
The major new finding in this study is that experience-dependent plasticity induced by whisker trimming resulted in targeted remodeling of the axonal arbors linking synaptically connected pairs of L2/3 pyramidal neurons in spared cortex. The remodeling increased the length of axon in RoPs. In contrast, whisker deprivation induced only minor modifications in the dendritic structure of L2/3 pyramidal neurons.
Remodeled axon in spared cortex
Our data show that whisker trimming caused axonal remodeling in spared cortex. The remodeling resulted in a greater number of regions of proximity between synaptically connected L2/3 pyramidal neurons (Fig. 2 F) combined with a higher density of terminaux varicosities on the axons of L2/3 pyramidal neurons in spared cortex. The ability of axons to grow and retract varies with age and neuron type (Luo and O'Leary, 2005; Portera-Cailliau et al., 2005; De Paola et al., 2006) and has not been fully characterized for L2/3 pyramidal neurons. However, prolonged monocular deprivation up to P60 causes remodeling of thalamocortical axons in mouse visual cortex (Antonini et al., 1999) and suggests that axonal arbors in rodent neocortex can restructure during the second postnatal month at least.
Our RoP analysis revealed that L2/3 pyramidal neurons have the structural substrate (axon within a spine NGR of dendrite) for near all-to-all connectivity with other L2/3 pyramidal neurons within a barrel column. Therefore, expansion of axonal arbors (Darian-Smith and Gilbert, 1994; Florence et al., 1998; Knudsen, 1998; Kossut, 1998; Antonini et al., 1999; DeBello et al., 2001; Linkenhoker et al., 2005) is not necessary to enable new connections to be established within local excitatory microcircuits.
The length of axon in RoPs between unconnected pairs of L2/3 pyramidal neurons in spared cortex was not increased compared with RoPs between L2/3 pyramidal neurons in control cortex. Furthermore, local excitatory connectivity and synapse number per connection do not change in spared cortex after whisker trimming (Cheetham et al., 2007) . Together, these findings suggest that the increase in number of RoPs between synaptically connected pairs of L2/3 pyramidal neurons in spared cortex is unlikely to be explained by a generalized increase in axonal elaboration. Instead, our data indicate that axonal remodeling is targeted specifically within spared cortex.
We found that there was a small, but significant increase in varicosity density on the axons of spared L2/3 pyramidal neurons. Not all varicosities are presynaptic boutons, i.e., have presynaptic vesicles adjacent to an active zone (Shepherd and Harris, 1998; White et al., 2004) . Our varicosity criteria avoid excluding small varicosities that are presynaptic boutons. The expansion of the axon shaft that we require to score a structure as a varicosity is less than that mandated by some electron microscopy studies (Shepherd and Harris, 1998) . Hence, our data may include a higher proportion of small varicosities that do not form synapses. However, it is unclear whether many of these small axonal vari- Magenta arrowheads in C indicate en passant varicosities. Scale bars, 2 m. E, Empirical distribution function of the diameter ratio for regions of axon that are wider than adjacent axonal shaft in the plane of the optical section. F, Empirical distribution function of the intensity ratio for axon that is expanded compared with adjacent axonal shaft in the plane of the confocal optical section (black line, n ϭ 40) and for axon that increases in intensity, but remains the same diameter as adjacent axonal shaft (red line, n ϭ 40). G, Histogram of terminaux varicosity neurogeometric radius pooled from spared and control cortex. The neurogeometric radii of terminaux varicosities were not different from the neurogeometric radii of spines in Figure 3B ( p ϭ 0.190, Kolmogorov-Smirnov test). H, Empirical distribution function of terminaux varicosity NGR in spared (orange) and control (blue) cortex. There was no difference in the distributions ( p ϭ 0.103, two-sample Kolmogorov-Smirnov test).
cosities represent a residual expansion in the axonal shaft signifying that a synapse was present previously and has disassembled, a nascent axonal bouton, or arise from natural variations in axonal shaft diameter. Confocal microscopy followed by serial section electron microscopy would be needed to resolve these issues. However, synapse number at local excitatory connections in L2/3 of spared cortex is unchanged (Cheetham et al., 2007) . Therefore, we view the increased varicosity density and greater number of terminaux varicosities as indicators of fine-scale changes in the structure of excitatory axons of L2/3 pyramidal neurons in spared cortex. The apparent inconsistency between increased bouton density and decreased dendritic spine density on L2/3 pyramidal neurons may be attributable to L2/3 pyramidal neuron axons forming more synapses with interneurons or L5 pyramidal neuron dendrites.
Dendrites do not exhibit large-scale remodeling after whisker trimming
Dendritic remodeling has been reported after sensory enrichment in adult rats (Uylings et al., 1978) . However, our analysis found no evidence for large-scale dendritic changes attributable to whisker trimming. Our findings are consistent with imaging studies, which report that the dendritic trees of excitatory neurons in adult cortex are broadly stable over weeks (Trachtenberg et al., 2002; Mizrahi and Katz, 2003; Lee et al., 2006) . We found a slight shortening of basal dendrites in deprived cortex, which is minor compared with the large-scale dendritic remodeling described after deafferentation (Hickmott and Steen, 2005; Tailby et al., 2005) . The difference may be because deafferentation induces a more complete form of deprivation. Alternatively, deafferentation may invoke different plasticity mechanisms from those that are activated when the nervous system is intact.
Differential effect of whisker trimming on spine density
The effects of whisker trimming on spine density in mature rodents have been debated (Trachtenberg et al., 2002; Zuo et al., 2005b; Xu et al., 2007) . We found decreased basal spine density and slightly shorter terminal segments of basal dendrites (equivalent to the loss of a few spine lengths) on deprived L2/3 pyramidal neurons that were attributable to whisker trimming. These changes were superimposed on the normal age-related decrease in spine density during the second postnatal month that has been reported previously (Wise et al., 1979; Markus and Petit, 1987) . Hence, there was a subtle but generalized retrenchment of basal dendrites on L2/3 pyramidal neurons in deprived cortex. We cannot completely exclude the possibility that whisker trimming induces a small acceleration of spine loss on basal dendrites of L2/3 pyramidal neurons in spared cortex.
Our analysis indicated that apical spine density was not clearly affected by whisker trimming. Miniature EPSP frequency in L2/3 pyramidal neurons decreases over our study period (Cheetham et al., 2007) (supplemental text, available at www.jneurosci.org as supplemental material) and imaging studies have reported that spine density on apical dendrites of layer 5 pyramidal neurons (Zuo et al., 2005a; Majewska et al., 2006) and L2/3 pyramidal neurons (Majewska et al., 2006) decreases with age. Thus, both basal and apical spine density on L2/3 pyramidal neurons may decrease between P33 and P49, but the decrease in spine density may be slower on the apical main stem compared with basal dendrites, making it more difficult to detect.
The acceleration of spine loss on basal dendrites in deprived cortex by our whisker trimming protocol appears to differ from the findings after a chessboard whisker trim, which reported reduced spine elimination from apical dendrites of L5 pyramidal neurons (Zuo et al., 2005b) . However, deprivation-induced changes in spine number/density may be cell-type specific . Hence, the apparent discrepancy is probably attributable to the different neuron types studied.
Axonal rewiring can explain the acceleration of experience-dependent plasticity
Many studies of the neurogeometry of neocortical circuitry (Braitenberg and Schüz, 1998; Hellwig, 2000; Kalisman et al., 2003; Binzegger et al., 2004; Shepherd et al., 2005) have assumed that the probability of synapse formation is directly related to the physical opportunity for synapse formation, e.g., the length of axon in RoPs. Our data show that this assumption does not apply to local excitatory connections in supragranular somatosensory cortex. Why then do axonal arbors remodel to increase axon length in RoPs between synaptically connected pairs of L2/3 pyramidal neurons if not to increase synapse number or local excitatory connectivity? It has been proposed that previous experience accelerates perceptual learning and experience-dependent plasticity in adulthood by leaving a trace in primary sensory neocortex, which carries a memory of this previous experience (Harris et al., 1999; Hofer et al., 2006) . Perceptual learning using a subset of whiskers is transferred to untrained neighboring whiskers if deflection of the untrained whiskers evokes cortical response patterns similar to the cortical responses elicited by the trained whiskers (Harris et al., 1999) . This suggests that axons of pyramidal neurons in primary somatosensory cortex harbor a memory trace of tactile-perceptual learning (Harris et al., 1999) . The specificity of axonal remodeling that we describe after whisker trimming supports this hypothesis. Figure 6 . Model of how previous experience could accelerate experience-dependent plasticity in adulthood. A, Schematic of a pair of L2/3 pyramidal neurons (blue somata) in control cortex. The axon (blue) of the presynaptic neuron synapses with the dendrites (black) of the neighboring L2/3 pyramidal neuron. An axon in a region of proximity is indicated by a thickened red bar. Synapses are denoted by spines from the dendritic tree contacting red axon. B, Schematic showing the axon (orange) of a presynaptic L2/3 pyramidal neuron synapsing with the dendrites of a neighboring L2/3 pyramidal neuron in spared cortex after whisker trimming and before whiskers have regrown. Regions of proximity and synapses are coded as in A. For emphasis, the sites of all synapses have been changed. C, Hypothesized relocation of the sites of synapses onto L2/3 pyramidal neurons in spared cortex after whiskers are allowed to regrow. The sites of synapses in spared cortex after whisker trimming schematized in B revert to the control, untrimmed state shown in A after whiskers have been allowed to regrow. The regions of proximity are unchanged. For simplicity, the figure key shows only the control (blue) axon but also applies to the spared (orange) axon.
A simple model based on our findings can explain how previous experience accelerates perceptual learning and experiencedependent plasticity in adult neocortex (Fig. 6) . Axonal remodeling (Löwel and Singer, 1992; De Paola et al., 2006; Majewska et al., 2006; Stettler et al., 2006 ) is targeted toward neurons with which the axon is already connected (Fig. 6 A, B) . New axonal branches may arise from terminaux varicosities, which become stabilized and act as a source for axonal elaboration (Meyer and Smith, 2006; Stettler et al., 2006) . Formation and elimination of axonal boutons (De Paola et al., 2006; Majewska et al., 2006; Stettler et al., 2006) and dendritic spines (Holtmaat et al., 2005; Zuo et al., 2005a) occur normally in adult cortex. Hence, the axonal remodeling permits new synapse formation at different dendritic locations, thereby enabling modifications in the transmission properties of excitatory connections (Poirazi and Mel, 2001; Häusser and Mel, 2003; Froemke et al., 2005; Gordon et al., 2006) . We propose that new synapses are formed in spared cortex with elimination of old synapses to keep synapse number per connection similar (Cheetham et al., 2007) and that this occurs without retraction of axon from the sites of the eliminated synapses. Thus, the unretracted axon represents an anatomical memory trace of previous sensory experience, which primes local excitatory microcircuits to revert to the pretrimmed state if the whiskers regrow (Fig. 6C) . Restarting whisker deprivation in adulthood would cause local excitatory connections to rewire to their whisker-trimmed state. This could be effected rapidly because it does not require axonal growth.
